Abstract Changes in mitochondrial capacity and quality play a critical role in skeletal and cardiac muscle dysfunction. In vivo measurements of mitochondrial capacity provide a clear link between physical activity and mitochondrial function in aging and heart failure, although the cause and effect relationship remains unclear. Age-related decline in mitochondrial quality leads to mitochondrial defects that affect redox, calcium, and energy-sensitive signaling by altering the cellular environment that can result in skeletal muscle dysfunction independent of reduced mitochondrial capacity. This reduced mitochondrial quality with age is also likely to sensitize skeletal muscle mitochondria to elevated angiotensin or beta-adrenergic signaling associated with heart failure. This synergy between aging and heart failure could further disrupt cell energy and redox homeostasis and contribute to exercise intolerance in this patient population. Therefore, the interaction between aging and heart failure, particularly with respect to mitochondrial dysfunction, should be a consideration when developing strategies to improve quality of life in heart failure patients. Given the central role of the mitochondria in skeletal and cardiac muscle dysfunction, mitochondrial quality may provide a common link for targeted interventions in these populations.
Introduction
The number of older adults (60 years or over) worldwide was 841 million in 2013 (four times higher than in 1950) and will almost triple by 2050, when it is expected to exceed two bill i o n ( h t t p : / / w w w . u n . o r g / e n / d e v e l o p m e n t / d e s a / p o p u l a t i o n / p u b l i c a t i o n s / p d f / a g e i n g / WorldPopulationAgeing 2013.pdf). As people are living longer and the size of the elderly population increases, so does the potential individual and societal burden of poor health and loss of independence. Because aging is the greatest risk factor for most chronic diseases, including heart failure, it is critical that we consider the potential interactions between primary disease and aging in research focused on mitigating the effects of chronic disease.
A key factor contributing to loss of function in aging and chronic disease, especially heart failure, is the decrease of skeletal muscle function. Age-related loss of muscle mass and strength, defined as sarcopenia, is a key factor contributing to reduced exercise tolerance, increased all-cause morbidity, and loss of independence [1] . Aging individuals experience a~10-20% per decade decline in skeletal muscle mass and 15% loss in leg muscle strength starting the fifth decade of life [2] . Compounding the health effects of age-related sarcopenia is the increased burden of chronic disease in the elderly, particularly cardiovascular disease. Age is the greatest risk factor for the development of heart failure, which has an incidence of less than 1% in people in their 20-30s but more than 20% for those in their 80s [1] . As the leading cause of death in the USA, heart failure costs the nation an estimated $32 billion each year (http://www.cdc.gov/dhdsp/data_ statistics/fact_sheets/fs_heart_failure.htm) and, like aging, is associated with significant skeletal muscle dysfunction that contributes to reduced mobility and loss of independence. Thus, improving quality of life in heart failure patients will depend on treating not only the cardiac dysfunction but also the associated skeletal muscle deficits. Given the close relationship between aging and heart failure, it is critical to consider the interaction between these conditions. This review will focus on the potential interactions between aging and heart failure on bioenergetics and mitochondrial function in the skeletal muscle.
Mitochondria in skeletal muscle (dys)function
It is becoming increasingly clear that mitochondria play a critical role in the loss of function associated with aging and chronic disease, particularly in high-energy demand tissues like muscle, heart, and brain. This can be attributed to their place as a nexus between cell energy metabolism, redox biology, and cell signaling. ATP production by oxidative phosphorylation (OXPHOS) in the mitochondria is responsible for meeting the majority of ATP demand in skeletal muscle. ATP is produced through oxidation of metabolic fuel to provide reducing equivalents (NADH and FADH 2 ) that are used to generate a proton motive force across the inner mitochondrial membrane (IMM), which is then used to drive ATP synthesis through the F1FO ATPase in the IMM.
Mitochondria are also a significant source of reactive oxygen species production in skeletal muscle. Superoxide (O 2 − ) is formed as a by-product of multiple electron transfer reactions of OXPHOS [3] [4] [5] and is then rapidly converted into other reactive oxygen (e.g., H 2 O 2 , OH − ) and nitrogen species (ONOO − , NO 2 , …) by catalytic and small molecule antioxidants in the mitochondria and the cell. In addition, many mitochondrial enzymes such as nicotinamide nucleotide transhydrogenase (NNT), isocitrate dehydrogenase (IDH2), malic enzyme (ME), and glutamate dehydrogenase (GDH) play an essential role in regulating NAD(P)H/NAD(P)+ ratios and maintaining the cellular redox potential [6] [7] [8] . Thus, in addition to their role in maintaining energy homeostasis, the mitochondria are key contributors to redox homeostasis.
Many chronic diseases are associated with periods of sustained elevation of mitochondrial oxidant production that disrupt redox homeostasis and can ultimately lead to oxidative damage [9, 10] . The interaction between mitochondrial energy metabolism and redox biology is also closely linked to their role in calcium buffering. The net negative charge across the inner mitochondrial membrane facilitates calcium uptake by the mitochondrial matrix. This physiology plays an important role in calcium buffering in excitable cells like skeletal muscle [11] . However, excess calcium uptake leads to elevated mitochondrial oxidative stress, dissipation of the proton motive force, and opening of the permeabilization transition pore, ultimately resulting in initiation of apoptosis or necrosis [11, 12] . Under less extreme conditions, the elevated oxidative stress can impair energy metabolism and lead to muscle dysfunction through oxidative damage or disruption of redoxdependent signaling [13] .
Meeting muscle ATP demand
The most obvious way in which mitochondrial dysfunction contributes to limitations of skeletal muscle performance is through the loss of mitochondrial capacity, defined as a reduced ability of the mitochondria to meet the ATP demand of the working muscle. Skeletal muscle ATP demand at rest is primarily driven by Na+/K+ pump and protein turnover [14, 15] . Matching supply to resting ATP demand is essential for the maintenance of sarcolemma and T-tubular ion gradients and maintenance of cell homeostasis. During skeletal muscle contraction, the ATP demand is primarily determined by mechanical output of cross-bridge activity and calcium cycling [16, 17] . Thus, tight coupling of ATP demand to ATP synthesis is important for muscle health and performance [18] . ATP demand during muscle contraction can be met using the phosphocreatine system, glycolysis, or oxidative phosphorylation. ATP demand during brief periods (seconds) of intense muscle activity can be met by the phosphocreatine/creatine kinase system and glycolytic ATP production. However, prolonged muscle contractions associated with sustained exercise and normal daily activities require mitochondrial ATP production to meet the increased demand. In healthy skeletal muscle, the maximum mitochondrial ATP production far exceeds the resting ATP demand. The theoretical maximum mitochondrial ATP production is estimated to be 40-fold and 20-fold greater than resting ATP production in humans [19] and mice [20, 21] , respectively. Thus, under normal conditions, there is sufficient reserve capacity to meet ATP demands and skeletal muscle mitochondria are seldom called upon to work at maximum capacity. However, the mitochondrial capacity sets an upper threshold that defines the ability of the cell to respond to transient increases in ATP demand due to increased muscle work. Therefore, as capacity declines, the normal physiological conditions can exceed the ability of the cell to meet ATP demand and lead to muscle failure, fatigue, and exercise intolerance. Even in cases where the muscle is working below the energetic threshold, a reduced mitochondrial capacity or efficiency requires the mitochondria to work at a larger fraction of their capacity to meet ATP demand leading to altered energy homeostasis [22] .
Relationship between VO 2max , exercise tolerance, and mitochondrial function Clinically, maximum oxygen uptake, VO 2max , is a predictor of exercise tolerance and is a strong prognostic measurement for morbidity and mortality [23] . AVO 2max of~17.5 ml/kg/min is the threshold for increased risk of morbidity and powerful predictor of mortality [23] . The decline in exercise tolerance and VO 2max with heart failure is well characterized and is discussed extensively in this issue. Maximal oxygen consumption also decreases with age at a rate of approximately 3-6% per decade in untrained population starting from 20s and 30s. The rate of decline is accelerated under advanced age (>70) and disease conditions [24] , which put heart failure patients closer to threshold for loss of independence. The primary chronic symptom in HF is severe exercise intolerance with reduced VO 2max . VO 2max is the product of cardiac output and arterial-venous oxygen difference (A-VO 2 diff), which is associated with skeletal muscle oxygen diffusive capacity, O 2 transport, and fiber type composition [25] . Molina et al. [26] reported severely reduced VO 2max in heart failure patients with preserved left ventricular ejection fraction. Only about 50% of this decreased VO 2max is accounted for by reduced cardiac output suggesting a significant role for skeletal muscle dysfunction in exercise tolerance experienced by this population.
As activity level increases, oxygen consumption by the skeletal muscle consumes a larger fraction of the total body oxygen uptake. Therefore, maximum oxygen consumption provides an estimate of muscle oxygen consumption and thus mitochondrial function. Several studies have demonstrated a linear relationship between VO 2max and muscle mitochondrial content and capacity across multiple species and humans [27] , including healthy [28, 29] , aged [24] , and heart failure [30, 31] populations. Despite this relationship, the capacity of skeletal muscle to consume oxygen is a complex phenotype that is affected by oxygen delivery and extraction, in addition to the oxidative capacity of the muscles. Measurement of VO 2max has the advantage of being directly related to exercise tolerance making it both clinically and physiologically relevant. However, it does not provide an unequivocal measure of muscle mitochondrial function due to potential limitations to muscle oxygen delivery (reviewed by Wray et al. in this issue). Thus, more direct measures of mitochondrial function are necessary to assess the effect of aging and heart failure on muscle mitochondria.
In vivo measurements of reduced mitochondrial capacity
Mitochondria are frequently viewed as isolated kidney-shaped structures in the cell that are responsible for oxidizing metabolic fuel to produce ATP in order to meet cell energy demands. As discussed above, mitochondria are also dynamic organelles that interact with factors in their cell environment such as calcium concentrations and redox state. Thus, they can be viewed as important integrators of cell energy metabolism and cell signaling that are able to control diverse cellular pathways by performing diverse functions such as altering metabolite levels [32] , redox environment [33, 34] , and calcium homeostasis [35] [36] [37] . For this reason, direct measures of mitochondrial function in vivo are important tools for assessing mitochondrial dysfunction in skeletal muscle. One common direct measure of in vivo mitochondrial capacity is to use 31 P NMR spectroscopy to measure phosphocreatine dynamics. In this approach, a brief period of ischemia or exercise is used to disrupt energy homeostasis and force the muscle to consume phosphocreatine (PCr) to meet ATP demand. The rate of return of PCr to resting levels is then used to calculate the theoretical maximum capacity for mitochondrial ATP production (ATPmax) (reviewed in [38, 39] Another recently developed approach assesses in vivo mitochondrial capacity using optical spectroscopy to measure the oxygen saturation state of hemoglobin and myoglobin to calculate the rate of oxygen consumption during recovery from brief periods of exercise or ischemia in muscle tissue [44] [45] [46] . This approach is based on the role of hemoglobin and myoglobin in binding greater than 95% of the oxygen in the muscle. This novel development uses short (5-10 s) periods of cuff inflation to block blood flow to the muscle throughout the recovery period [44] and correction for changes in blood volume to allow the determination of the rate of oxygen consumption throughout the recovery phase [44] . In addition, the short ischemia allows this protocol to separate muscle oxygen consumption from oxygen delivery, which confounded earlier attempts to use near-infrared spectroscopy (NIRS) during the recovery phase [47, 48] . This NIRS approach represents a valuable tool for assessing in vivo mitochondrial capacity where use of NMR spectroscopy is limited by patient condition or access to instrumentation.
Several reports have demonstrated that in vivo skeletal muscle mitochondrial capacity declines in humans [49, 50] and animal models [20, 51] with both age and in heart failure [52] . Using 31 P NMR, Conley et al. [19] reported that both ATPmax and mitochondrial volume density decline with age in human quadriceps. The flux per mitochondrial volume also declines indicating that the loss of capacity in this muscle is due to both reduced content and quality of the mitochondria. A similar decline in in vivo ATPmax has been observed in aged mouse skeletal muscle [21, 51] . In addition, Bhella et al. [53] also found reduced muscle oxidative metabolism by 31 P NMR analysis. In contrast to human muscle, the lower ATPmax in mice was associated with elevated markers of mitochondrial content with age [21] , suggesting greater mitochondrial defects (lower flux per unit mitochondria) in the mouse model. Southern et al. [52] used the NIRS approach described above to demonstrate a decline in muscle oxidative capacity in forearm muscles of heart failure patients compared to healthy controls. These results are consistent with earlier observations that heart failure patients underwent greater energy stress (e.g., elevated Pi/PCr and pH) following exercise than did healthy controls in the absence of differences in muscle oxygenation [54] and blood flow [55] . Further, under ischemic exercise, heart failure patients had abnormal skeletal muscle metabolism compared to controls suggesting intrinsic muscle (peripheral) dysfunction rather than central (cardiovascular) limitation [56] . Interestingly, they did not find abnormities of any intrinsic metabolic enzymes or correlation between biopsy and metabolic characteristics in vivo. The author suggested that the importance of muscle mass loss could contribute to increased load for each fiber resulting in greater metabolic changes measured by the ratio of Pi/PCr in vivo [56] . Another potential mechanism for this disagreement between in vivo and ex vivo measures of mitochondrial function could be the influence of the cell environment on mitochondrial function. This is further discussed below.
There is ongoing debate whether the decline in skeletal muscle in vivo mitochondrial capacity with age is an intrinsic property of aging or dependent on reduced activity levels. In studies where activity level was carefully controlled through both questionnaires and monitoring, no differences were observed for in vivo ATPmax in plantar flexion [57, 58] and dorsiflexion [59] muscle groups between sedentary, activitymatched young and elderly groups. Comparing within age groups also demonstrates a clear interaction between in vivo mitochondrial function and activity level. Within a cohort of young adults, sedentary lifestyle replicates the effects of age on mitochondrial function compared to a moderately active cohort [60] . This relationship also extends to elderly populations where ATPmax was correlated with preferred walking speed [43] and greater self-reported fatigability [61] . While it is not possible to determine causality from these association studies, they do suggest that there is a close relationship between impaired mitochondrial function and exercise intolerance.
These in vivo measurements are key to understanding the interaction between aging, heart failure, and mitochondrial function in skeletal muscle as they provide direct physiologically relevant measurements of peripheral energy metabolism. These studies clearly demonstrate that there is a functional limitation in aging skeletal muscle that reduces the reserve capacity for responding to increasing metabolic demands. In this context, any added effect of heart failure will further reduce energetic reserves and close the gap between resting metabolism and maximal activity. Due to the limited ability to manipulate the system in vivo, combining in vivo analysis with ex vivo measurements provides an important strategy to better understand the mechanisms contributing to the functional declines in both aging and heart failure populations.
Reduced coupling of oxidative phosphorylation
In addition to loss of capacity, there is a significant decline in the quality of mitochondria in aged skeletal muscle. Combining 31 P NMR with in vivo optical spectroscopy allows the measurement of resting ATP production and oxygen consumption by the skeletal muscle in humans and rodent models [22, 62] . Using this approach, we have found that the coupling of oxidative phosphorylation (P/O) declines with age in human [50] and mouse [21, 22, 51] skeletal muscles. This reduced coupling of OXPHOS was also observed in sedentary young adults compared to age-matched controls supporting an important role for physical activity in regulating mitochondrial quality [60] . Altered redox stress provides a potential link between activity level, aging, and in vivo P/O. Increased redox stress in skeletal muscle with age is well-documented and is also elevated in sedentary individual [21, 51, [63] [64] [65] [66] . Support for a role of redox stress in regulating in vivo P/O comes from mouse skeletal muscle where an acute, mild increase in redox stress associated with low dose paraquat treatment reduces P/O and ATPmax [20, 21] . More importantly, acutely reversing mitochondrial redox stress with the mitochondrial targeted peptide elamipretide (SS-31) reverses age-related declines in P/O and ATPmax in mouse muscles [51] . These rapid responses to altered redox homeostasis, 24 h with paraquat and 1 h with SS-31, suggest the important role for dynamic control of mitochondrial function by the cell environment through post-translational modification (PTM) to proteins [51, 67] . Support for this hypothesis comes from studies identifying increased phosphorylation and acetylation of mitochondrial proteins as mechanisms contributing to cardiac stress in heart failure [68, 69] .
The evidence indicates that elevated skeletal muscle oxidative stress whether associated with chronic conditions such as aging and heart failure or sustained inactivity can alter cell energetics. It is easy to see how chronic elevation of redox stress due to either aging or a sedentary lifestyle could result in bioenergetics deficits that would exacerbate those associated with heart failure and result in a downward spiral of increased inactivity, exercise intolerance, and muscle pathology.
Loss of mitochondrial quality
Pathways controlling skeletal muscle biogenesis and quality are disrupted in aging skeletal muscle. One of the key regulators of mitochondrial function is the peroxisome proliferatoractivated receptor gamma coactivator-1 alpha (PGC-1α). PGC-1α plays an important role in regulating mitochondrial biogenesis and antioxidant capacity [70] [71] [72] by interacting with multiple transcription factors to coordinate mitochondrial and antioxidant gene expression [73] [74] [75] [76] [77] including peroxisome proliferator-activated receptors (PPARs), nuclear respiratory factor family (NRF-1 and NRF-2), estrogen-related receptor (ERRα), and mitochondrial transcription factor (TFAM). Many studies have demonstrated age-related declines in PGC-1α expression in skeletal muscle in humans and rodent models [75, [77] [78] [79] (Table 1) , and skeletal muscle-specific overexpression of PGC-1α improves muscle mitochondrial function and performance in aged mice [76] . PGC-1α is also regulated by 5′ AMP-activated protein kinase (AMPK) and sirtuin 1 (SIRT1) through manipulation of phosphorylation and acetylation PTMs. These PTMs determine localization of PGC-1α between the cytoplasm and nucleus and thus regulate its activity [77, 86] ; phosphorylation of PGC-1α facilitates its translocation into the nucleus, while deacetylation by SIRT1 traps PGC-1α in the nucleus and increases its transcriptional co-activation [86] . The influence of AMPK and SIRT1 on PGC-1α provides a critical link between the cellular environment and mitochondrial adaptation. Activation of AMPK by phosphorylation is facilitated by elevated AMP/ATP ratios in the cell, which is the result of energy stress [86] . AMPK is also activated in response to increased oxidative stress and elevated cytosolic calcium. Similarly, elevated NAD, also indicative of energy stress, enhances SIRT1 deacetylation of PGC-1α and increased activity [87, 88] . Disruption of this coordinated signaling between the mitochondria, cell environment, and nucleus with age is likely to contribute to dysregulation of mitochondrial protein expression, lead to poor mitochondrial quality, and impair the ability of the muscle to respond to energy and redox stressors. Reduced cytoplasmic and nuclear NAD levels and elevated HIF-1α signaling were associated with disruption of the coordinated expression between nuclear and mitochondrially encoded proteins and poor stoichiometry of the electron transport system in gastrocnemius muscles [89] , while elevation of NAD levels by supplementing the diet with NAD precursors improved mitochondrial stoichiometry. A similar loss of ETS stoichiometry was observed in the extensor digitorum longus (EDL) muscles of aged mice [90] . Analyses of the age-related changes in the mitochondrial proteome indicated that complex I proteins were preferentially elevated with age leading to inefficient respiratory function in the EDL, while the slowtwitch soleus muscle maintained ETS stoichiometry and mitochondrial efficiency with age [90] . These data support a disruption of coordinated signaling with age that will impair the ability of skeletal muscles to respond to physiological and pathological stress and would likely potentiate the effects of heart failure on skeletal muscle mitochondrial function.
In contrast to aging muscle, there has been relatively little work examining molecular regulation of mitochondrial biogenesis and quality control in skeletal muscle myopathy associated with heart failure. When matched for activity level, heart failure patients demonstrated similar levels of mRNA expression for markers in mitochondrial biogenesis (PGC-1α and PGC-1β, TFAM, NRF-1) and mitochondrial content in the vastus lateralis compared to control subjects [80] . However, a recent study in mice supports a role for dysregulation of skeletal muscle mitochondria with heart failure. Zizola et al. [82] demonstrated that stimulation of PPARδ reversed the declines in fatty acid oxidation in skeletal muscle and exercise intolerance when initiated 8 weeks following experimentally induced myocardial infarction (MI) in mice. In spite of the reduced fatty acid oxidation, there was no change in citrate synthase or succinate dehydrogenase activities following MI in the skeletal muscles suggesting that the deficit was not due to a general loss of mitochondria content in the skeletal muscle with heart failure but rather loss of specific aspects of function. A similar decrement in fatty acid oxidation, that was also reversible by stimulation of the PPARδ pathway, could be induced in C2C12 cells by treating with TNF-α, suggesting that circulating inflammatory cytokines induced by the myocardial infarction may contribute to this disruption of mitochondrial function with heart failure [30, 82] .
Other studies have observed decreased activities of mitochondrial marker enzymes in skeletal muscle homogenates from dogs with pacing induced heart failure [91] [92] [93] and human dilated cardiac myopathy [93, 94] . However, this loss of mitochondrial enzyme activity, particularly in human studies, varies between laboratories and appears to be dependent on the model and mitochondrial marker used. Toth et al. observed no significant effect of heart failure on citrate synthase and cytochrome oxidase activities or mitochondrial volume density in skeletal muscle of human subjects matched for activity level, although they note a shift toward a larger size of mitochondria in the vastus lateralis of the heart failure patients [80] . Heart failure patients receiving optimum medical and device therapy also showed no changes in mitochondrial marker enzymes despite skeletal muscle abnormalities and diminished exercise capacity [81] . Therefore, reduced mitochondrial enzyme activities or even reduced content measured with EM is not a universal characteristic of skeletal muscle in heart failure, especially in human studies where controls and patients are matched for activity level.
The focus on in vivo oxidative capacity, ex vivo respiratory capacity, and mitochondrial enzyme activities may be missing more subtle underlying mitochondrial defects contributing to skeletal muscle dysfunction in both aging and heart failure. The intermyofibrillar (IFM) mitochondria from skeletal muscle of dogs with pacing induced heart failure demonstrated a specific defect in the phosphorylation system attributed to a shift in the isoform expression of the adenine nucleotide transporter. This suggests that this impairment was due to altered ability to exchange adenine nucleotides between the matrix and cytoplasm and was not associated with reduced specific activities of other complexes of the ETS in the IFM. However, the subsarcolemmal mitochondrial population demonstrated a defect in the ETS that was not relieved by bypassing the phosphorylation component of oxidative phosphorylation [93] . The breakdown in stoichiometry of the mitochondria can also be time-dependent. At 2 weeks following pressure overloadinduced heart failure mitochondria from rat gastrocnemius muscle had significantly elevated activities of ETS complexes I and II with unchanged complex III and IV activities [83] ( Table 1) . By 20 weeks, this progressed to reduced activities for all four ETS complexes.
Disruption of ETS stoichiometry, particularly complex I, and inhibition of the phosphorylation system, in aging and heart failure are significant even in the absence of reduced capacity because it results in elevated mitochondrial superoxide production and oxidative stress [83, 90] . Recent work demonstrates that mitochondrial oxidative stress plays an important role in skeletal muscle dysfunction in both conditions. Skeletal muscle mitochondria from aged mice and those with heart failure have an increased capacity to produce H 2 O 2 [51, 95] . This increased mitochondrial oxidative stress can control mitochondrial function both in vivo [20, 21] and ex vivo [96, 97] . Inducing a mild oxidative stress in adult mice for 24 h using low doses of paraquat recapitulates the reduced mitochondrial oxidative capacity (ATPmax), coupling efficiency (P/O), and depression of skeletal muscle metabolism observed in vivo in aged skeletal muscle [20, 21] . The greater sensitivity of aged muscle to this stress is consistent with a decline in the ability of the aged skeletal muscle to buffer transient increases in oxidative stress [98] [99] [100] .
Systemic effects linking heart failure to skeletal muscle mitochondrial deficits Age-related mitochondrial deficits are the manifestation of underlying environmental, biochemical, genetic, and physiological conditions that accumulate over a lifetime. In contrast, skeletal muscle mitochondrial dysfunction in heart failure generally develops over a shorter period of time. One potential mechanism linking pathophysiology in the heart to mitochondrial dysfunction in the skeletal muscle is systemic betaadrenergic stimulation. In the failing heart, there is an increased release of norepinephrine and epinephrine by the cardiac nerves in an apparent attempt to increase heart rate and maintain cardiac output [101] . This results in a systemic betaadrenergic stimulation, including the adrenergic receptors in skeletal muscle. In the cardiac muscle, this elevated adrenergic stimulation leads to an increase in mitochondrial biogenesis, while in the skeletal muscle, acute excessive adrenergic stimulation does not increase PGC-1α activation and mitochondrial biogenesis [102] . Furthermore, treatment of humans with clenbuteral, a beta2 agonist, led to reduced mitochondrial content and fatty acid oxidation in rat skeletal muscle [103] . One potential link between elevated adrenergic stimulation and skeletal muscle mitochondrial dysfunction is disruption of phospho-PTM of mitochondrial proteins through the cAMP-PKA pathway [104] . In this scenario, stimulation of adrenergic receptors in the skeletal muscle leads to elevated cAMP in the mitochondria, particularly in the inner membrane space, which activates PKA-dependent phosphorylation of mitochondrial proteins. Studies of the mitochondrial proteome indicate that over 60 proteins are phosphorylated, including subunits of each complex of the ETS [105, 106] . Elevated phosphorylation of complex IV subunits can disrupt incorporation of complex IV into the supercomplex structure and reduce oxidative phosphorylation capacity [101, 107] . This model is based on decreased formation of supercomplexes in the ETS resulting in impaired oxidative phosphorylation and elevated superoxide formation by the mitochondria. The increase in oxidative stress would then further disrupt mitochondrial function leading to a feedforward mechanism.
The renin-angiotensin system provides another potential mechanism linking cardiac dysfunction to mitochondrial deficits in the skeletal muscle. In response to low blood pressure, the enzyme renin is secreted from the kidneys into the blood where it cleaves angiotensinogen to angiotensin I (ANG I), which is ultimately cleaved to angiotensin II (ANG II). Heart failure is associated with increased circulating ANG II [108, 109] . Chronic infusion with ANG II leads to muscle atrophy through increased muscle protein degradation and apoptosis [108] , reduced exercise tolerance, and impaired mitochondrial function [110] . In a mouse model of high-fat diet-induced type 2 diabetes blocking ANG II receptors improved both mitochondrial function and exercise capacity, which supports a causal role for elevated ANG II in skeletal muscle mitochondrial dysfunction in heart disease [111] .
The effect of elevated ANG II on mitochondrial deficits may be indirect. In the skeletal and cardiac muscle, elevated ANG II leads to increased ROS production by NADPH oxidases and increased oxidative stress [112] [113] [114] [115] [116] . Despite the primary stimulation of NADPH-derived ROS, reducing mitochondrial ROS production, either by genetically expressing catalase in the mitochondria or treatment with the SS-31, prevents ANG II-induced hypertrophy indicating that mitochondrial oxidative stress plays an important role in the ANG IIinduced mitochondrial dysfunction and pathology, at least in the heart [10, 84, 117] (Table 1 ). These data suggest that elevated ANG II increases ROS production from nonmitochondrial sources initiating a feedforward cycle of mitochondrial dysfunction and further elevation of redox stress and mitochondrial deficits.
Altered calcium handling provides another potential pathway where either adrenergic stimulation through the cAMP-PKA system and/or the renin-angiotensin system could contribute to skeletal muscle mitochondrial deficits in heart failure. Excessive post-translational modification of the sarcoplasmic reticulum calcium release channel ryanodine receptor (RyR) through both PKA-dependent phosphorylation [118, 119] or thiol modification in response to redox stress [118, 119] destabilizes the RyR and increases the open probability of the channel. This leads to increase calcium leak, elevated mitochondrial ROS production, and mitochondrial deficits that contribute to muscle dysfunction and atrophy [118] . In aged mouse muscle, preventing calcium leak by stabilizing the interaction between the RyR and calstabin or reducing mitochondrial oxidative stress with catalase in the mitochondria (mCAT) both improved skeletal muscle function [120] . These data highlight how age-related changes in redox stress may synergize with systemic effects of cardiac dysfunction to magnify mitochondrial deficits and skeletal muscle dysfunction associated with heart disease.
Reduced mitochondrial quality control
One key point of interaction between aging and heart failure on mitochondrial dysfunction in skeletal muscle is the agerelated decline in mitochondrial quality control. Autophagy is the primary pathway used to degrade organelles in the cell [121] . This process involves targeting damaged or dysfunctional cellular constituents to the lysosome through either microautophagy, macroautophagy, or chaperone-mediated autophagy and is the main pathway by which dysfunctional mitochondria are cleared from the cell [121] . The efficiency of autophagic degradation of cellular constituents, including mitochondrial degradation, also known as mitophagy, is impaired with age [121] [122] [123] [124] . The mitochondrial-lysosomal axis of aging hypothesizes that this decline in autophagy caused by the accumulation of incompletely digested oxidatively damaged molecules in the lysosome (lipofuscin) results in the accumulation of dysfunctional mitochondria with age [122, [124] [125] [126] . In support of this hypothesis, Kruse et al. [90] recently reported an increase in the half-lives of mitochondrial proteins with age in both the extensor digitorum longus and the soleus muscles. It follows that an age-related decline in clearance of poorly functioning mitochondria would contribute to the feedforward cycle of mitochondrial damage initiated by systemic effects of heart failure like those discussed above, while similar stressors in young muscle may be well tolerated due to more efficient clearance of dysfunctional mitochondrial and prevention of the feedforward cycle of mitochondrial dysfunction.
Direct targeting of mitochondrial oxidative stress
Further evidence for a causal role of mitochondrial-derived oxidative stress comes from studies directly targeting mitochondrial oxidative stress to ameliorate skeletal muscle dysfunction in both aging and heart failure. Expressing mCAT is one of the most effective genetic interventions to reduce agerelated dysfunction across multiple tissues, including heart and skeletal muscle [10, 90, 127, 128] . Elevated mitochondrial oxidant production can impair other aspects of skeletal muscle function independent of the ability to generate sufficient ATP [13] . As discussed above, oxidative post-translation modifications of the RyR in aging muscle can lead to destabilization of the RyR-calstabin complex and increased calcium leak resulting in loss of specific force, muscle atrophy, and decreased exercise tolerance [119, 120] . This was prevented or delayed in mCAT mice, demonstrating the important role for mitochondrial oxidative stress in this process. Elevated basal calcium is likely lead to increased mitochondrial calcium uptake and further mitochondrial oxidative stress [120, 129] , thus creating a feedforward cycle and further skeletal muscle dysfunction. Interrupting this cycle by targeting mitochondrial oxidative stress can also improve skeletal muscle function in heart failure models [51] similarly to the results in aging muscle with SS-31 discussed earlier. Treating rats with mitoTEMPO, a mitochondrial targeted superoxide scavenger, for 10 weeks starting 8 weeks after induction of myocardial infarction improved mitochondrial dysfunction and increased force production in diaphragm [95] . These data support a causative role for mitochondrial oxidative stress in skeletal muscle dysfunction in both aging and heart failure. This common role for mitochondrial dysfunction creates a condition where the pathological effects of aging and heart failure could interact to potentiate the effects on skeletal muscle and exacerbate exercise intolerance.
Conclusion
Despite the fact that sarcopenia is a multifactorial condition, mitochondria provide a nexus linking cellular redox homeostasis, substrate metabolism, and catabolic and anabolic signaling. In this review, we attempt to highlight the potential for interaction between aging and heart failure to potentiate mitochondrial deficits in skeletal muscle. As we learn more about the complex interactions between the mitochondria and cell environment, it is becoming increasingly clear that combining both in vivo and ex vivo approaches to assess skeletal muscle bioenergetics provides complementary information for not only identifying deficits, including changes in both mitochondrial capacity and quality, but also highlighting the underlying mechanisms. Similarities in bioenergetic deficits associated with aging, heart failure, and a sedentary lifestyle suggest that it is important to consider the interaction between these factors when addressing exercise intolerance and skeletal muscle function in both clinical and research settings. We have attempted to emphasize that disruption of mitochondrial function by any one of these conditions can initiate a feedforward cycle that sensitizes the muscle to further stressors and the acceleration of skeletal muscle pathology. While the ultimate initiating factor disrupting mitochondrial function remains controversial and may vary between conditions, evidence is accumulating for an important role for increased mitochondrial oxidative stress as a critical step in a feedforward cycle leading to enhanced pathological outcomes in aging and heart failure. This provides a potential target for intervention to reduce both cardiac and skeletal muscle pathology and enhance quality of life of patients. 
